A B S T R A C T Concerns have been raised about the possible connections between the local and regional photochemical problem and global warming. The current study assesses the trend of ozone in Hong Kong and the Pearl River Delta (PRD) in South China and investigates the interannual changes of sensitivity of ozone to air temperature, as well as the trends in regional precursors. Results reveal, at the three monitoring sites from the mid-1990s to 2010, an increase in the mean ozone concentrations from 1.0 to 1.6 mg m (3 per year. The increase occurred in all seasons, with the highest rate in autumn. This is consistent with trends and temperature anomalies in the region. The increase in the sensitivity of ozone to temperature is clearly evident from the correlation between ozone (OMI [Ozone Monitoring Instrument] column amount) and surface air temperature (from the Atmospheric Infrared Sounder) displayed in the correlation maps for the PRD during the prominently high ozone period of JulyÁ September. It is observed to have increased from 2005 to 2010, the latter being the hottest year on record globally. To verify this temporal change in sensitivity, the ground-level trends of correlation coefficients/regression slopes are analysed. As expected, results reveal a statistically significant upward trend over a 14-year period (1997Á2010). While the correlation revealed in the correlation maps is in agreement with the corresponding OMI ozone maps when juxtaposed, temperature sensitivity of surface ozone also shows an association with ozone concentration, with R 00.5. These characteristics of ozone sensitivity are believed to have adverse implications for the region. As shown by ground measurements and/or satellite analyses, the decrease in nitrogen oxides (NO 2 ) and NO x in Hong Kong is not statistically significant while NO 2 of the PRD has only very slightly changed. However, carbon dioxide has remarkably declined in the whole region. While these observations concerning precursors do not seem to adequately support an increasing ozone trend, measured surface levels of formaldehyde, a proxy for volatile organic compound (VOC) emissions, have risen significantly in the PRD (2004Á2010). Hence, the reactive VOCs in the PRD are likely to be the main culprit for the increase of ozone, as far as precursors are concerned. Despite the prevailing problem, model simulations suggest prospects for improvement in the future.
Introduction
Ozone (O 3 ), as a greenhouse gas with the third largest global warming effect after carbon dioxide (CO 2 ) and methane (CH 4 ), has an important role in the earth's climate. In fact, the short-lived species of O 3 , black carbon (BC) and organic carbon, as distinct from CO 2 and nitrous oxide which have a lifetime of 50Á200 and 120 years respectively, have been suggested to contribute significantly to the future warming of surface air (Levy et al., 2008) . Indeed, non-CO 2 greenhouse gases were considered by Hansen et al. (2000) to be the primary drive for climate change in the past century. , allowing third parties to copy and redistribute the material in any medium or format and to remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license. tropospheric BC, ozone (and the precursors methane and carbon monoxide, CO) and sulphate while CO 2 emission reductions are required immediately to limit long-term climate change.
Ozone, a secondary pollutant, is the most prevalent photochemical oxidant, among such other oxidants as peroxyacyl nitrates (PAN) and organic peroxides. Stratospheric input of ozone takes place mainly in the middle and high latitudes, especially in early spring (Collins et al., 2003) . In lower latitudes photochemical generation is the dominant source of tropospheric ozone. This ozone is formed from the primary precursors nitrogen oxides (NO x ), nonmethane volatile organic compounds (NMVOCs) and, to a lesser extent, CO and methane in the presence of sunlight (UV radiation) through complex reactions. Elevated ozone level is associated with temperatures in excess of 208C and often with temperatures above 308C (Lollar, 2005) . Diverse factors affecting ozone formation include, among others, the meteorological factors of atmospheric stagnation and synoptic circulations. The observed surface ozone is the result of a balance between production and removal processes. Often, the production more than compensates for the losses that are due to NO scavenging or deposition.
Annual mean temperatures recorded at the Hong Kong Observatory headquarters (HKO) (Fig. 1) show an average rise of 0.128C per decade from 1885 to 2010, which includes an increase of 0.158C per decade from 1952 to 2002, and 0.218C during 1971Á2010 (Chan et al., 2012) . This local trend has been attributed to global warming and, to a smaller degree, urbanisation. Specifically the average rate of temperature rise in relation to urbanisation between 1885 and 2006 was computed by Leung et al. (2007) to be 0.088C per decade. Climatic warming has been reported in the Pearl River Delta (PRD) (Tracy et al., 2006) as a widespread problem. Shanghai's average temperature rose 1.438C from 1873 to 2007, nearly double the world's average of 0.748 (Hou et al., 2013) . A warmer climate will increase not only the reaction rates but also natural emissions of volatile organic compounds (VOCs) (Confalonieri et al., 2007) and even NO (USEPA, 2000) . Greater stability favouring ozone formation may also arise from decreased global circulation (Jacob and Winner, 2009) . A positive temperatureÁ concentration relationship has been well established (Bloomer et al., 2009; Jacob and Winner, 2009 ) for ozone and isoprene. However, under temperatures in excess of 398C (312 K), ozone was found to decrease in the ozoneÁtemperature slope (Steiner et al., 2010) .
Instantaneous rates of formation of ozone are dependent on the precursors NO x and VOC concentrations. VOC consists of a large group of organic chemicals that participate in atmospheric photochemical reactions, excluding compounds of negligible photochemical reactivity such as methane, ethane (U.S. Government Printing Office, 2003) . Reactive species with high relative incremental reactivity (RIR) clearly play a more central role. VOCs originate from a variety of anthropogenic and biogenic sources. Isoprene, a reactive VOC from plants, contributes significantly to the formation of ozone (Solomon et al., 2007) through complex reactions. In Hong Kong, isoprene has been estimated to contribute as much as 30% of the annual biogenic VOC emissions (Tsui et al., 2009 ) and has been predicted to increase as a consequence of temperature rise. Notably, in areas of high VOC and lower NO x levels, ozone formation is known to be suppressed by the formation of isoprene nitrates (Horowitz et al., 2007) .
In the last decade or so, Hong Kong has been experiencing more ozone pollution than before. Together with other photochemical species and sulphate aerosols, haze results in the region. While originally a summer problem, it has encroached into autumn since around 2000 (Lee et al., 2009) . Maximum ozone concentrations are observed to be increasing in rural, new town or urban environments in Hong Kong. This development stands in stark contrast to the eminent decline in average ozone levels in the US after 2002, following a decrease in the 1980s and a levelling off in the 1990s (USEPA, 2000) . The US decrease comes as a result of the control of precursor emissions. The average NO 2 concentrations in the US have concurrently declined. The US situation seems to attest to the important role of precursors. In Europe, apparent contradictions exist. The average ozone levels increased from 1996 to 2005 despite a near uniform decrease in NO x and VOC emissions (European Commission, 2011). EEA's report (EEA, 2011) analysed data up to 2009, and conceded a discrepancy between the substantial cuts in ozone precursor emissions and the stagnation in observed ozone concentrations. Reasons suggested include inter-continental transport of ozone and precursors, climate change/variability, biogenic non-methane VOC emissions, biomass burning and increased concentrations of methane in 2007. The European instance seems to suggest factor(s) other than precursors.
While there is growing concern over short-lived species including ozone regarding their near-term warming impact, temperature increases have been suggested to worsen the photochemical problem even if precursor emissions remain constant (Bloomer et al., 2009) . To follow up on this, the current study assesses the ozone trend in Hong Kong and the PRD region against a background of positive temperature anomalies. The year to year changes of sensitivity (in terms of correlation coefficients) of ozone with temperature rise is then investigated over the period of mid-1990s to 2010. Since any positive change in sensitivity is believed to further aggravate the photochemical problem, a possible association between this temperature sensitivity and ozone concentration is examined. On account of the usually dominant role of the precursors, observed trends of NO x NO 2 , CO, isoprene and formaldehyde (the latter typically used as indicator of VOCs) are analysed for the Hong Kong/ PRD region, based on available ground and satellite data. Goddard Institute for Space Studies (GISS)'s ModelE2 and National Center for Atmospheric Research (NCAR)'s Community Earth System Model (CESM)-Community Atmosphere Model are used to investigate future ozone.
Data and methods
The data used in this study derive from a number of sources. Hourly and monthly data for ozone, PM 10 chemical species data and isoprene/formaldehyde/acetaldehyde data from the 'toxic air pollution' program have been acquired from the Environmental Protection Department (EPD) of the Hong Kong Special Administrative Region (HKSAR). Ozone analysis encompasses three monitoring sites: Central Western on the Hong Kong island, Sha Tin and Tsuen Wan in the New Territories (see Fig. 1 ). For comparison, representative data from three of the 16 monitoring stations of the PRD Regional Air Quality Monitoring Network (jointly established by the Guangdong Provincial Environmental Protection Monitoring Centre and the EPD of Hong Kong) were retrieved from the EPD website. Temperature data for Sha Tin (an automatic station) from 2000 were downloaded from the HKO website (www.hko.gov.hk), while data prior to 2000 were requested. Temperature data for the HKO headquarters (32 m above msl) and Ching Pak house in Tsing Yi, 122 m above msl, south of Tsuen Wan, were provided by the Observatory. The first set of temperature data, which is usually released by the HKO to represent the Hong Kong territory, was used for sites other than Sha Tin.
Satellite remote sensing which has been recognised as a powerful tool for exploring spatial variability of air pollution, is used in this study. Surface NO 2 concentrations and NO 2 measurements by Ozone Monitoring Instrument (OMI) compiled for comparison by Bechle et al. (2013) yields strong correlation between the measurements, with R 00.93 for annual average data. Similar results of surface NO 2 and Global Ozone Monitoring Experiment (GOME) measurements were reported earlier by Petritoli et al. (2004) while Morris et al. (2009) found OMI tropospheric ozone amounts highly correlated with surface ozone concentrations, with monthly averages approaching values of 0.9.
The Total Ozone Mapping Spectrometer (TOMS) and the OMI column amount ozone images were generated by NASA Goddard Earth Sciences Data and Information Services Center (GES DISC)'s Geospatial Interactive Online Visualization ANd aNalysis Infrastructure (Giovanni) facility (Acker and Leptoukh, 2007) . OMI data was available only from 1 October 2004. The NO 2 tropospheric column amount and formaldehyde column amount were similarly generated on Giovanni for 2004Á2010. Areaaveraged time series column amount ozone was also computed for the cities of Guangzhou, Xiamen, Hong Kong, Shanghai and Beijing for 2004Á2010 for reference. Also derived from Giovanni was the total column CO as the number of CO molecules in an atmospheric column from the Earth's surface to the top of the stratosphere above a square centimetre of the surface. It is based on global 1.08)1.08 daily Level-3 Products from the Atmospheric Infrared Sounder (AIRS) on board the Aqua satellite (Acker and Leptoukh, 2007) . Correlations between column amount ozone (OMI) and surface air temperature (AIRS) were computed on the Northern Eurasia Earth Science Partnership Initiative (NEESPI) portal on Giovanni. Temperature anomalies in South China were generated for particular months/seasons (at 925 hPa) for the period 1996Á 2010, based on monthly composites (mean) of National Centres for Environmental Prediction (NCEP)/NCAR's reanalysis data. The Interactive Plotting and Analysis tool of the Earth System Research Laboratory (Physical Sciences Division) of National Oceanic and Atmospheric Administration (NOAA) was used. Climate normals were updated from 1958Á1996 to 1981Á2010 by NOAA.
Long or medium term trends of pollutants were examined to provide clues to how changes in climate or other factors affect them. These trends were illustrated by time series displaying the time variation of the daily mean concentrations of pollutants, for example, ozone, during the study periods. Curves created were smoothed by the moving average method to reduce short-term fluctuations, especially in weather. Rates of ozone increases in mg m (3 per year or per season, are derived from the least-squares bestfitting model equations, drawing from trends comparison in local studies (Lee et al., 2009; Wang et al., 2009) . R 2 value indicated how well the line fitted the data. To evaluate the linear trends of the time series, significance testing was performed to determine if the observed trend was statistically significant at an appropriate level of confidence, for example, 0.05 significance level. This means that the probability value (p-value) of the slope of the trend line is B0.05. The 95% confidence level is the minimum adopted in this work. Sensitivity of surface ozone and isoprene to changes in temperature was statistically tested by analysing the multiyear trends for the entire year or specific seasons, with respect to their (1) correlation coefficients and (2) regression slopes (also known as regression coefficients) (95% confidence) (Bloomer et al., 2009; Yoshitomi et al., 2009) . The data were filtered to exclude ozone concentrations B120 mg m (3 (Fig. 2 ) (Jacob and Winner, 2009) prior to statistical analyses owing to the critical linear relationship of higher ozone concentrations with temperatures.
It is clear from Fig. 2 that the entire relationship is nonlinear. There is, however, little documentation in literature on the shapes of the full ozone and temperature distributions (Bloomer et al., 2009) . Three afore-mentioned monitoring sites were included in the study (Fig. 1 ). As the stations commenced operation in different years in the mid/late 1990s, the period covered by the study varied slightly for each station. GISS's Atmospheric General Circulation Model (GCM) ModelE2 (Schmidt et al., 2006; Shindell et al., 2006; Unger et al., 2006) was employed to project future concentrations of O x (2025Á2035). The model has a Cartesian gridpoint formulation for all quantities with a vertical resolution of 20 layers and a model top at 0.1 hPa, running from the surface up through the lower mesosphere. The horizontal resolution is 28 )2.58 latitude by longitude. The model simulates different configurations of Earth System Models, including interactive atmospheric chemistry, aerosols, the carbon cycle and other tracers, as well as the standard atmosphere, ocean and land surface components. The chemistry simulation includes both tropospheric and stratospheric ozone and oxidant photochemistry. Aerosols include sulphate, sea salt, black and organic carbon, mineral dust, nitrate, and heterogeneous interaction of nitrate and sulphate with dust. Chemistry and aerosols are coupled together, so that oxidant changes affect sulphate oxidation and the aerosols affect photochemistry. Future trace gas emissions follow the Intergovernmental Panel on Climate Change (IPCC) emissions scenario 'Representative Concentration Pathway 6.0 (RCP6.0)'. This is a mid to high projection of manmade precursor emissions among the four scenarios being used in simulations for the IPCC 5th Assessment Report, with a balance across all energy sources.
We also adopted NCAR's CESM CAM (4.0), at http:// www.cesm.ucar.edu/models/atm-cam/ to provide a zoomed in examination of the pollutant situation, covering 2002Á2004 for current years, 2029Á2031 and 2049Á2051 for future periods. With a horizontal resolution of 0.98 latitude, 1.258 longitude, it has 26 levels from surface to 3.5 hPa. CAM shares many parameterisations with GISS ModelE2 with the added benefit of a special chemical preprocessor, which allows easy modification and update of chemical mechanisms. It differs from previous version in that the mixing ratios of tracers change as water vapour changes (Lamarque et al., 2012) . Projected trace gas emissions in this model are based on IPCC emission scenario RCP4.5. (Fig. 1 ). An upward trend is clearly seen in the smoothed mean daily ozone concentrations for all three monitoring sites (Fig. 1) . The increase is most conspicuous in autumn (Fig. 3 ) and at the Sha Tin site with data from 1997 to 2010 in particular. In significance testing, the p-values of the slopes of all three trend lines for autumn are B0.01 (Fig. 3) . Other factors such as meteorological and emission changes may also bring about interannual variations. The average ozone increase at Central Western reported here is comparable to that measured at the same station in another local study (Wang et al., 2009 ) and the observations of 1.16Á2.4 mg m (3 increase per year at surface sites in Beijing, Taipei and Japan (Cooper et al., 2010) .
Results and discussions
The trend of surface ozone in Hong Kong is in general agreement with that in the South China region, where limited data are available from 2006. Figure 5 (Dufour et al., 2010) . A photochemical problem is clearly widespread in China. The variations in seasonal ozone increases described above are consistent with temperature anomalies observed in Hong Kong and South China at 925 hPa from 1996 to 2010, when compared with 1981Á2010 climatology (Fig. 6) , for autumn and winter. A similar temperature pattern for these two seasons was reported for Hong Kong by Chan Fig. 4 . Notably both Hong Kong and South China experience the lowest temperature anomaly in spring which, unexpectedly, records a considerable ozone increase. This is believed to result from the transport of significant amounts of ozone and precursors to Hong Kong from biomass burning areas in China/Indochina or even more distant upwind sources (Lee et al., 2013) . Ozone-rich air masses from biomass burning have been shown by Chan et al. (2000) to pass through the Indo-Burma region into Hong Kong in spring, enhancing ozone levels in the lower troposphere.
Temperature sensitivity of ozone
Air pollutants analysed in this study are based on their prevalence in Hong Kong and South China and their impact as inferred from scientific literature. Of these pollutants, only ozone and isoprene are shown by correlational analysis (maximum concentration versus maximum temperature) to be significantly influenced by maximum temperature, not other short-lived species like BC, sulphate or organic carbon. Lack of correlation with the latter species is not presented. Part of this sensitivity may well pertain to other causal factors which are temperature-dependent. Figure 7a presents correlation maps for ozone as represented by OMI column amount ozone and temperature indicated by the AIRS surface air temperature for South/Southwest China (2005Á2010). In Fig. 7a , the correlation noticeably stands out in the PRD and the Sichuan basin in Southwest China, both of which are known for their poor air quality. The correlation maps have been enlarged in Fig. 7a for the PRD where the correlation is observed to have risen in 2010 to the range of 0.42Á0.6 during the ozone season of JulyÁSeptember. This represents an astounding increase in the short space of only 5 years, from a correlation of merely 0.12Á0.24 in 2005, despite interannual fluctuations. It is, however, not known if this high correlation is in any way related to 2010 being the warmest year on record globally since records began in 1850, according to the World Meteorological Organization (WMO). 2010 is marginally warmer than 1998 and 2005. In Hong Kong, 2010 was characterised by irregular variations in temperature (http://www.hko. gov.hk/wxinfo/pastwx/ywx.htm) and July was hotter than usual. The high correlation coefficients in 2010 point to a significant adverse effect of the temperature driving factor for ozone. The cooling influence of the La Nin˜a conditions (the Eastern Pacific is cooler than average, while the western Pacific Ocean is warmer) in early and late 2011 may have, however, decreased the correlations.
Since OMI data began in October 2004, correlation maps between ozone and temperature for the ozone season can only be generated from 2005. Surface data over a longer period is, therefore, needed to provide a more complete picture. Results of analysis reveal a fairly smooth rising trend in the correlation coefficients and regression slopes of ozone at Sha Tin (see Fig. 1 ) over a 14 year period from 1997 to 2010 (Fig. 8a) , underlining the increase in temperature sensitivity of ozone. The p-value of B0.05 at 95% confidence level is significant enough to confirm this trend already manifested in the OMI/AIRS plots (Fig. 7a) . Sha Tin has noticeably seen ozone episodes emerging in autumn since 2000. Because the correlation coefficient method yields a comparatively better R 2 value than the regression slopes, it is considered a more desirable method. The trends at the other two sites show more fluctuations but remain positive. When the same analysis is applied to the yearly data excluding winter for Sha Tin, a similar upward trend is obtained (not shown). The amount and rate of sensitivity change, as estimated from the trend of correlation coefficients, is approximately 0.015/year for Sha Tin (Table 2) . No attempt is made to verify peak sensitivity which seems to be the highest in 2004 in Fig. 8a . A limit, however, is believed to exist for this positive trend because ozone formation was reported to be suppressed at temperatures in excess of 312 K (398C) (Steiner et al., 2010) when the PAN (coincident with ozone formation) lifetime decreases leading to a decrease in the net PAN sink for NO x . This, in turn, results in a levelling off in maximum ozone. Reduction in ozone has also been found to be a function of decreased isoprene emissions (Steiner et al., 2010) . Clearly regions with very high temperatures in summer/autumn albeit below 398C, are most susceptible to this temperature sensitivity factor of ozone. Areas likely to be affected include many parts of mainland China with serious ozone problem unfolding. The maximum temperature reached in Hong Kong (in August) is about 358C, that is, below the threshold for ozone formation suppression. Yet to be assessed is the extent this sensitivity factor negatively affects the region in relation to the temperature trend.
Regarding isoprene, the positive trends of correlation coefficients and regression slopes at the Central Western site signify the change of its sensitivity to temperature changes every summer when isoprene emission is at its highest level. Since sampling was less frequent from 2004, the data are considered limited to draw firm conclusions. A p-value of 0.26 for the isoprene trend (Table 2) is not statistically significant at the 95% confidence level. The result is, therefore, used for reference only. Regarding other organics such as formaldehyde and acetaldehyde, which are commonly found and measured in Hong Kong (Cheng et al., 2010) , no discernible trends are detected in the same statistical tests as described in section 2. Indeed, significant variations are found in the year to year trends of their correlation coefficients and regression slopes, sometimes even with intermittent negative values.
Considerable overlapping is found when juxtaposing the correlation maps in Fig. 7a with the (OMI) ozone concentration contour maps depicted in Fig. 7b . Both series of plots cover the dominant ozone season (JulyÁ September) of the years 2005, 2008 and 2010. Though the contours representing different levels of pollution do not coincide exactly, it is beyond doubt that the correlations coefficients are positively related to ozone concentrations. A causal (causeÁeffect) relationship appears to exist, implying that this increasing temperature sensitivity may have contributed to the increased ozone concentrations in the region. This relationship is tested on surface data by plotting the correlation coefficients against average maximum ozone for spring, summer, autumn for the Sha Tin and Central Western sites, from 1996/1998 to 2010. A moderate correlation emerges, with R 00.53 and 0.52 for the respective sites (Fig. 8b) . This is believed to follow from 
Assessing regional trends of ozone precursors
The strength of precursors, especially NO x and VOCs, is often an overriding factor in ozone formation. The annual average of NO x in urban areas of Hong Kong has remained quite constant over the past decade while the NO 2 levels have levelled off in recent years (EPD, 2010) . However, when the trends of ambient NO x and NO 2 in Central Western station over a longer period of 1997Á2010 are statistically tested (Fig. 9) , p-values of 0.236 and 0.259 returned are not significant at the 95% confidence level (Table 2) . It is, therefore, a little early to predicate a downward trend. The kerbside NO 2 concentrations, on the other hand, tend to increase over the years (EPD, 2011) . While surface-level NO 2 measured in Guangzhou in the PRD fell from 2006 to 2010 (Guangdong PEMC/EPD, 2010) (not shown), the time series of OMI NO 2 depicted as tropospheric column amount over Guangzhou reflects a slight decrease over the period October 2004ÁDecember 2010 (Fig. 10) , the latter returning a significant p-value of 0.002 (Table 2) . By and large, the OMI NO 2 tropospheric column amount over Hong Kong and the PRD region, shown in Fig. 11a , has only slightly changed in autumn in parts of the region from 2004 to 2010. However, NO 2 changes remarkably in summer when the monsoon reverses. The resultant inflow of southerly marine air (Fig.  11a) keeps Hong Kong fairly clean in summer. Levels of CO, a precursor of much less importance, remain low. The declining trend of surface CO in Central Western from 1997 to 2010 (Fig. 9 ) has a very significant p-value of B0.001. This reduction in CO is also evident in the AIRS total column CO concentration for autumn for the entire PRD region (Fig. 11b) . A similar situation is found in the total surface VOC concentration at Central Western ( Fig. 9 ) with p 00.003, which is consistent with the 1998Á2007 VOC emission inventory released online by the EPD of Hong Kong. However, this total VOC measurement commenced in 2000 only and has not taken into account the reactivities of individual species.
Formaldehyde, a reactive VOC with high RIR, was an effective proxy for hydrocarbon emissions and photochemical activity in the troposphere (Chance et al., 2000) . The ground-level formaldehyde, acetaldehyde concentrations and the limited isoprene data for summer are presented in Fig. 12 for the Central Western station. Formaldehyde displays a slight downward trend with a p-value significant at the 95% confidence level (Table 2) for both summer and autumn. Isoprene also seems to have declined in summer (Fig. 12) but it is not known if this is related to a decrease in terpenoids to which isoprene belongs, or a reduction of green cover that comes with increased urbanisation. For the PRD, the time series of formaldehyde as OMI column amount is shown for Guangzhou in Fig. 10 for the October 2004ÁDecember 2010 period. The slight positive trend has a very significant p value of less than 0.001 (Table 2) . A substantial increase in formaldehyde was found in the west/northwestern part of the PRD in the autumn of 2010, as compared to 2004 (Fig. 13) . It is likely that similar increases exist for other reactive VOCs. The OMI formaldehyde trend, however, notably declined in the PRD in 2011 (not shown). The top 12 VOC species with the highest RIR have been identified by Cheng et al. (2010) for Tung Chung (Hong Kong) (Fig. 1) , accounting for 85% of the total RIR. While the top three species with the highest RIR are formaldehyde, isoprene and acetaldehyde in Hong Kong, they are formaldehyde, m, p-xylene and toluene in Guangzhou.
It has not been possible to estimate the contribution of isoprene to local ozone levels since the oxidation products needed for computation are not measured. Attempts to use other organic species reveal interferences. The relationship between isoprene and ozone also involves a dependence of isoprene on the level of ozone concentrations. Correlation is almost absent between isoprene and maximum ozone, but after ozone has been filtered at 120 mg m (3 for a linear relationship, a fairly strong correlation appears with R00.72, implying a significant role of isoprene in high ozone concentrations in Hong Kong. As for methane, a VOC known to contribute to ozone formation on a global scale, it has been reported to rise sharply in 2007 (Rigby et al., 2008) after nearly a decade with little or no increase. While an increase in background ozone concentrations has been reported in Hong Kong (Wang et al., 2009) , it is not known to what extent methane contributes in this region. Its possible role, however, has been suggested in the ozone increase in Europe (EEA, 2011).
Other factors
Precursors and a possible role of ozone's temperature sensitivity change discussed earlier are among the myriad factors dominating or contributing to the formation of ozone and its concentrations. Also significant are the transport of ozone and its precursors, climate driven changes, biogenic VOC emissions and biomass burning. Ozone's photochemical lifetime of the order of 1Á2 months in the troposphere (Liu et al., 1987) is long enough for transport to take place over long distances. Ozone precursors or ozone itself can easily be carried to Hong Kong from upwind mainland China in the northeast monsoon season or when tropical storms are in the vicinity causing wind reversal (Lee et al., 2009 ). On the other hand, biomass burning in Indochina, Southwest and South China and even India and Africa (Lee et al., 2013) has also been revealed to be a source of precursors in spring and winter which can be easily transported by the upper westerlies in the jetstream seasons. Liu et al. (2002) has estimated a contribution of about 10Á20 ppbv by sources as remote as the African Savanna to the upper/mid tropospheric ozone in Hong Kong. Apart from the temperature sensitivity factor, meteorological effects may arise from the increased specific humidity which characterises a warmer climate. The hydroxyl radical (OH) which originates mainly from oxidation of water in the atmosphere, tends to react with VOCs or CO to initiate ozone formation. It is anticipated that OH will become more abundant. As a matter of fact, specific humidity has increased from 1997 to 2010 in South China as observed from satellite images (not shown). On the other hand, changes in some meteorological factors as observed in Hong Kong do not seem to favour ozone formation. The annual mean daily global solar radiation in Hong Kong (measured at King's Park, Hong Kong), for example, has been reported by HKO to decrease significantly from 1958 to 2011 at a rate of 0.72 MJ/m 2 /decade while the annual mean cloud amount which reduces sunlight, increased at 1.1% per decade from 1961 to 2011. The overall interaction between ozone and various climate factors has yet to be adequately defined.
Future ozone trend
With the enormous impact of ozone on air quality and global warming, and its widespread growth, especially in East Asia, a knowledge of the future concentrations of ozone is crucial to human welfare. In our first attempt to investigate future ozone, we take into account that ozone is often depleted by titration in high NO x emission regions such as the PRD region, thereby making the oxidant O x (O 3 and NO 2 ) a more stable and better conserved entity to study (Clapp and Jenkin, 2001; Kondo et al., 2008; Song et al., 2011) . For this reason the GISS ModelE2 predicts ozone as O x . Historical emissions from Lamarque et al. (2010) and future emissions from RCP6.0 (Masui et al., 2011) were used. The RCP6.0 pathway represents a medium-high scenario with stabilisation from 2150 onwards (2005Á2500). Historical reconstructions, as well as projections of ozone by ModelE2 based on periods of 11 years' data, indicate that O x levels in Asia will continue to rise in the years through to 2025 as they did in the 1995Á2005 period.
While Katragkou et al. (2011) has predicted that the concentration of ground-level ozone is likely to increase towards the end of the century, estimations by Wild et al. (2012) , based on results from 14 global chemistry transport models, suggest that ozone in Asia will increase until 2020 but will decrease afterwards. In an attempt to explore further the direction of regional ozone imposed by climate change, we performed additional simulations using NCAR's CESM (CAM) model which has a higher horizontal resolution, initially for the present (2002Á2004) period, then projected into the future (2029Á2031, 2049Á2051). Taking into consideration China's pledge to reduce pollution, the slightly more optimistic medium-low emissions scenario RCP4.5 was tried out. This pathway exhibits shifts in land use over the 21st century and represents a future with net reforestation (Smith and Rothwell, 2013) , thus taking into account the impact of future land cover on climate. Like RCP6.0, RCP4.5 has total radiative forcing stabilised shortly from 2150 onwards (2005Á2500). The two scenarios differ only slightly in radiative forcing. Analysis was performed for the ozone season of July to November. Results depict an early upward trend for the ground-level ozone, then a slight downward course after 2029 as shown in Fig. 14. This estimated decrease over the Hong Kong/PRD region may perhaps be related to a decrease in NO x emissions in the region. The overall levels of anthropogenic NO x emission in the future climate from the scenario is projected to plateau out at 2020, with 37 Tg NO 2 /year for the Asian region (Clarke et al., 2007) , where the level of NO x in 2003 is comparable with the level in 2028. It may be difficult to examine the effect of temperature on ozone in the RCP scenario since the change of emissions has been embedded in the model simulation. In 2030, the temperature effect on ozone is believed to have been compensated for by a reduction in NO x emissions, resulting in a reduction of overall ozone. Drawing from the combined simulation results derived from the ModelE2 and CESM models, photochemical pollution looks set to be a common occurrence in the region, despite prospects for improvement in the future. The quality of the model simulations and predictions was evaluated by comparing simulation results against observed measurements. Biases identified fall within the acceptable interquartile range of projection.
Conclusions
Concerns have been raised about the possible connections between the local and regional photochemical problem and global warming. This paper has focused on ozone, the trend of which is determined for Hong Kong and the South China region from surface data, against a background of significant positive temperature anomalies in the region. The sensitivity of ozone to air temperature rise was investigated for the period 1990s to 2010, with an examination of the possible temporal changes of this sensitivity in the wake of climatic warming. Trends in regional precursors which are the usual dominant driving factors, were studied. Future scenarios of ozone were also simulated. An upward trend was observed in the mean ozone concentrations at all three measurement sites in Hong Kong in all seasons. The increase is most significant in autumn and particularly at the Sha Tin site (located in a valley) from 1997/8 to 2010. Overall, the increase in concentrations in autumn ranges from 1.0 to 1.62 mg m (3 per year. The smallest increase is found in summer. This tallies well with that of the PRD region with a similar trend (2006Á2010) in Guangzhou. The column amount ozone (OMI) for the ozone season (JulyÁSeptember) reflects the same. The seasonal ozone increases in autumn and winter are consistent with temperature anomalies (at 925 hPa) observed in the region. The increase in the sensitivity of ozone to temperature is clearly evident from the correlation between ozone (OMI column amount) and surface air temperature (AIRS) displayed in the correlation maps for the PRD during the prominently high ozone period of JulyÁSeptember. This sensitivity is observed to have increased from 2005 to 2010, the latter being the hottest year on record globally. To verify this temporal change in sensitivity, the ground-level trends of correlation coefficients/regression slopes are analysed for the same three monitoring sites from the mid/late1990s to 2010. As expected, results reveal a fairly smooth upward trend over a 14 year period for Sha Tin (1997Á2010) with similar findings for the other two sites. P-values of B0.05 for the slopes of the trends are significant at the 95% confidence level. While the correlation revealed in the limited correlation maps compares fairly well with the corresponding (OMI) ozone maps when juxtaposed, temperature sensitivity of surface ozone also shows an association with ozone, with R00.53 and 0.52 for the Sha Tin and Central Western sites, respectively. This temporal change of temperature sensitivity and its relationship with ozone concentration is believed to have adverse implications for the region. As shown by ground measurements and/or satellite analyses, the surface precursors NO 2 and NO x in Hong Kong have not changed persistently. The decrease over the years is not statistically significant while NO 2 of the PRD has only very slightly changed as observed from satellite images. However, CO, whether it is surface or from satellite images, has declined remarkably (p B0.001) in the whole region. All these observations concerning precursors do not seem to adequately support an increasing ozone trend. As for VOCs, measured surface levels of formaldehyde, a proxy for VOC emissions, seem to have slightly decreased in Hong Kong from 1997 to 2010 (summer and autumn). By contrast, formaldehyde column amount (OMI) has risen significantly in the PRD (2004Á2010), though only slightly in Guangzhou. Hence the reactive VOCs in the PRD are likely to be the main culprit for the increase of ozone, as far as precursors are concerned. As regards biogenic VOC, isoprene closely associates with ozone with R 00.72 after the daily maximum ozone has been filtered, suggesting its important role.
Based on the simulation results by the ModelE2 and CESM models on the ozone trend, photochemical pollution looks set to continue in the Hong Kong and South China region, despite prospects for improvement in the future.
